Characteristics of treatment-induced cell cycle arrest are important for in vitro and in vivo sensitivity of acute myeloid leukemia (AML) cells to cytotoxic drugs. We analyzed the expression of the major G1 cell cycle regulators (p21 Cip1   ,  p27 Kip1 , cyclins D, cyclin E and pRb) in 41 fresh AML cell samples. The level of p27 expression was the only factor correlated with the response to chemotherapy, a high level of p27 expression being predictive of complete remission. There was a close relation between expression of pRb, cyclin D2 and FAB subtype, illustrated by the absence of both proteins in most samples having a monocytic component (M4, M5). We also assessed the expressions of pRb, cyclin E, p21 and p27 and the activity of cdk2, the major regulator of S-phase entry, after exposure to cytosine-arabinoside (AraC) and daunorubicin (DNR), and found these proteins could characterize time-and dose-dependent cellular response to each drug. We observed hyperphosphorylated pRb, increased levels of cyclin E and a high cdk2 activity, but no p21 induction, in AML cells exposed to 10 −6 M AraC. After exposure to 10 −5 M AraC, corresponding to the serum concentration reached in high-dose AraC regimens (HDAraC), a strong p21 induction was observed, associated with similarly overexpressed cyclin E and even higher cdk2 activity than after 10 −6 M AraC, while apoptosis was significantly increased. These data suggest that cdk2 activity is likely to play a role in AraC-induced apoptosis in AML cells. This mechanism may account for high efficacy of HDAraC in cells showing little sensitivity to conventional AraC doses. Leukemia (2001) 15, 559-566.
Introduction
Investigations on cell cycle regulatory molecules allow a closer approach to the biology of malignant cells, since the loss of tissue homeostasis in tumors is related to the imbalance between proliferation and apoptosis. Moreover, examples of the implication of cell cycle regulatory proteins in the apoptosis machinery are rapidly accumulating. [1] [2] [3] [4] [5] The fate of the cell is determined before DNA synthesis. G1 progression and G1/S transition are cooperatively regulated by members of the cdk (cyclin-dependent kinase) family. In G1, different cdks and their obligatory activating subunits, the cyclins, control the cell cycle progression at two highly regulated checkpoints, retinoblastoma protein (pRb) phosphorylation and initiation of DNA synthesis. Cyclins D and cdk 4/6 are responsible for the first phosphorylation of pRb, while cyclin E/cdk 2 operates both the second pRb phosphorylation and the control of S-phase entry. The activity of the cdk is negatively regulated by cyclin-dependent kinase inhibitors, among which two members, p21 Cip1 and p27 Kip1 are able to interact with all cdks and play specific roles. The p21
Cip1 inhibitor is the mediator of p53-induced cell cycle arrest after DNA damage. The p27 and to play a key role in maintaining cells into a G0/G1-arrested state. Its low level of expression has been shown to be correlated with a high proliferative index and an aggressive disease in various tumors and in lymphomas.
However, except for several studies on pRb expression [6] [7] [8] [9] [10] [11] or p53 expression, 12 studies on cell cycle regulatory proteins in fresh acute myeloid leukemia (AML) cells are scarce. 13, 14 Numerous attempts to correlate cell cycle characteristics of AML cells and their response to cytotoxic agents have resulted in only few clearly established relations, among which Sphase-dependent sensitivity of AML cells to the conventional doses of cytosine-arabinoside (AraC) is one of the most significant. 15 Recently, not only pre-treatment S-phase fraction, but also the treatment-induced cell cycle arrest was shown to be important for in vitro and in vivo AML cell sensitivity to cytotoxic agents. 16 However, studies of cytotoxic druginduced alterations of cell cycle regulatory proteins in fresh AML cell samples are still lacking.
High-dose cytarabine (HDAraC) is the most effective regimen for AML patients relapsing after, or refractory to the conventional-dose AraC. 17, 18 In vivo efficacy of HDAraC is not completely elucidated at the cellular level. The dose-dependent increase in intracellular deoxycytidine kinase activity, leading to an increased incorporation of AraC-triphosphate into DNA strands, was reported to be the main rationale for high antileukemic activity of HDAraC. 19 Thus, HDAraCinduced DNA damage seems to be limited to DNA singlestrand breaks and some other mechanisms may play a role in the massive cellular death observed.
We first considered the expression of cell cycle regulatory proteins in fresh, non-treated AML cells. We next investigated the patterns of expression of cell cycle proteins after in vitro exposure to daunorubicin (DNR) and conventional and high doses of AraC, and found distinct modifications in each condition. In particular, we observed a strong induction of cyclin E/cdk2 activity that may play a direct role in AraC-induced apoptosis, and an upregulation of the kinase inhibitor p21 Cip1 when AraC was used at high doses.
Materials and methods

Patients
Peripheral blood samples from 41 AML patients were obtained after informed consent. The diagnosis and classification of AML were established according to the FAB group criteria. 20 
Cell isolation and culture
Mononuclear cells (MNC) were isolated using Ficoll-Hypaque density gradient. All samples contained more than 80% leukemic cells. Twenty samples were cultured in the presence of Leukemia chemotherapeutic agents: freshly isolated MNC were cultured at concentration of 2 × 10 6 /ml in RPMI 1640 medium containing 20% heat-inactivated fetal calf serum, 2 mM glutamine, 50 U/ml penicillin and 50 g/ml streptomycin, at 37°C in 5% CO 2 humidified atmosphere. Cells were incubated for 72 h with 100 ng/ml human recombinant interleukin-3 (IL-3) (SDZ ILE 964, Laboratoires Sandoz, Rueil Malmaison, France) and 20 ng/ml stem-cell factor (SCF) (PeproTech, Rocky Hill, NJ, USA), in order to promote immature cell survival. Drugs were added after the first 24 h of incubation with growth factors (GF). Cells were continuously exposed to 10 −6 M or 10
AraC over 48 h. After a 1-h exposure to 5 × 10 −7 M DNR, cells were washed twice and incubated in fresh medium with GF during 48 h. Control cells were incubated for 48 h in medium with GF.
Viability and cell cycle phase analysis
Cellular viability was assessed by trypan blue exclusion. Distribution of cell cycle phases was analyzed by a combined bromodeoxyuridine/propidium-iodide (BrdU/PI) method 21 using a FacsScan flow cytometer (Becton Dickinson, CA, USA).
Protein extracts and Western blotting
Whole cell protein extracts were prepared by lysing 1-2 × 10 7 cells in RIPA buffer (10 mM Tris pH 7.5, 150 mM NaCl, 1% NP-40, 0.1% SDS, 1% deoxycholic acid, 1 mM Na-orthovanadate, 1 mM NaF, 100 g/ml phenylmethylsulfonyl fluoride/ PMSF/, 10 g/ml leupeptin and 10 g/ml aprotinin) for 30 min on ice. Lysates were centrifuged at 12 000 r.p.m. for 15 min and supernatant collected. Protein concentration was assessed by the Bio-Rad assay method (Bio-Rad Laboratories, Richmond, CA, USA).
Equal amounts of protein (50 g) were electrophoresed in a 12% or 7.5% SDS-polyacrylamide gel and transferred on to a polyvinylidene difluoride membrane (Immobilon-P; Millipore, Bedford, MA, USA). Loading was controlled by membrane staining with Naphthol Blue Black (Sigma, France). Membranes were blocked for 1 h in 5% nonfat dry milk phosphate-buffered saline (PBS) and incubated for 1 h with the following antibodies: mouse antihuman pRb (G3-245, 0.5 g/ml), p21 (6B6, 0.5 g/ml), cyclin D2 (G132-43, 2 g/ml), all from PharMingen (Becton Dickinson); rabbit antihuman p130 (C-20), cyclin E (C-19), cyclin D3 (C-16) and N-terminalp27 (N-20), all in concentration 0.5 g/ml (Santa Cruz Biotechnology, Santa Cruz, CA, USA). Membranes were subsequently washed twice in buffer containing 10 mM Tris pH 8.0, 200 mM NaCl and 0.1% Tween and incubated with an appropriate horseradish peroxidase-linked secondary antibody at a 1:5000 or 1:10 000 dilution for 1 h. After three washings in the buffer, signals were detected by a enhanced chemoluminescent system (ECL, Amersham, Buckinghamshire, UK).
Signal quantitation on Western blots
Films were scanned on a densitometer and signals quantitated using the Bioprofil software (Vilber Lourmat, Marne la Valée, France). For each sample, the p27 value was expressed as the ratio of the signal obtained from that of a positive control. The latter originated from an AML patient whose myeloid blasts expressed medium level of p27 protein. The cell lysates of this control were obtained from one sample and contained enough protein to be loaded on each gel. To make sure the Western blot assay and signal quantitation were accurate throughout the range of protein found in the samples, we generated a standard curve by serial dilution of recombinant p27 protein (Santa Cruz Biotechnology) and compared it with serial dilutions of our positive control and to representative samples.
Cdk2 kinase activity assay
Three hundred micrograms of the protein extract were immunoprecipitated with 2 g of mouse anti-Cdk2 antibody (D-12, Santa Cruz) over 2 h at 4°C and then incubated for 1 h with 20 l of mouse immunoglobulin G-sepharose (Protein G PLUSAgarose, Santa Cruz). Immunocomplexes were harvested by centrifugation, washed three times with RIPA buffer containing Na-orthovanadate and NaF, twice with RIPA-buffer without SDS and inhibitors and resuspended in 20 l kinase buffer (20 mM Tris pH 7.5, 4 mM MgCl 2 ). Each immunoprecipitate was incubated with 5 g of histone H1 (Boehringer, Mannheim, Germany), 15 nM/l of ATP (Sigma) and 10 Ci of [gamma- Combined TUNEL/autoradiography assay AML cells were exposed to 10 −6 M or 10 −5 M AraC for 48 h as described above. At the end of exposure, the cells were pulsed with 1 Ci 3 H-thymidine (25 Ci/mmol, Amersham) for 6 h at 37°C. After the incubation, the cells were washed twice with PBS, fixed with 4% formaldehyde for 15 min at room temperature (RT), and cytospin slides were made. The slides were incubated for 5 min in methanol at −20°C, then for 5 min in TBS with 0.25% Triton X at RT. After two washings for 5 min in TBS, TUNEL reaction was performed using In Situ Cell Death Detection Kit, Alkaline Phosphatase (Boehringer). Autoradiographic detection of incorporated 3 H-thymidine was done after TUNEL reaction. The slides were exposed to Ilford K-2 photographic gel emulsion (Ilford, Mobberley, UK) for 7 days at +4°C. The signals were developed by D19B developer and fixed by Unifix (Eastman Kodak, Rochester, NY, USA).
The slides were counterstained with hematoxylin and 200 cells per slide were counted using a Leica light microscope.
Results
Cell cycle regulatory protein expression in freshly isolated AML cells
Expression of cell cycle regulatory proteins was analyzed in 41 AML samples (M0 = 1, M1 = 15, M2 = 12, M4 = 4, M5 = 9, according to FAB classification). Data from 15 of these samples are shown in Figure 1 . Expression of pRb was detected in 30 out of 41 samples (73%). As shown in Table  1 , we observed a significantly higher frequency of monocytic component-containing AML subtypes (M4, M5) in the pRb-
Figure 1
Expression of cell cycle proteins in freshly isolated AML cells. Cells were obtained 15 different cases (patients 1 to 15). Proteins were extracted from a unique sample for each patient and extracts subjected to Western blotting with antibodies raised against each protein studied (pRb, cyclin E (E), p27, p21, cyclin D2 (D2), cyclin D3 (D3), respectively). The percentage of cells in S-phase was measured in fresh cells by flow cytometry after combined BrdU/PI staining and indicated underneath for each case. The FAB subtype is also mentioned for each sample. negative (eight out of 11 samples) than in the pRb-positive group (five out of 30) (chi 2 test, P = 0.0014). As expected, cyclin D1 was never found in any sample. Cyclins D2 and D3 were detected at the protein level in 29 (71%) and 25 (61%) samples, respectively. In the pRb-positive group, at least one of these two D-cyclins was expressed; both cyclins were expressed in 18 samples. In the pRb-negative group, seven out of 11 samples lacked expression of both cyclins (P Ͻ 0.0001).
The expression of cyclin D2 protein was highly associated with the presence of pRb expression and with M1 and M2 FAB subtypes. Table 1 shows that cyclin D2 was detected in 27/30 (90%) of the pRb-positive samples but in only two out of 11 (18%) pRb-negative ones (chi 2 test, P Ͻ 0.0001). Similarly, as represented in Table 2 , cyclin D2 was present in 25/27 (92%) myeloblastic samples (M1, M2), but in only 4/13 (31%) monocytic samples (M4, M5) (chi 2 test, P Ͻ 0.0001). Finally, the samples were distributed into two major groups: 27 expressed both pRb and cyclin D2 and 24 among these were of myeloblastic subtype; nine samples showed neither pRb nor cyclin D2 expression and seven among these had a monocytic component (chi 2 test, P = 0.0004, Table 2) . p21 protein was detected at a very low level in only three out of 41 samples. p27 protein was expressed in all samples and its level of expression was variable. Percentage of cells in S-phase, as determined in 20 samples by flow cytometry after BrdU/PI staining, ranged from 1 to 12% (mean 6%). We did not find any correlation between this percentage of cells in S-phase and p27 or cyclin E expression. Similarly, cyclin E and p27 protein levels were not related to each other.
The low frequency of p53 mutations in de novo AML has already been established and we did not investigate p53 status in these samples. 22, 23 Similarly, we showed previously that p16 mutations were very uncommon in AML, 24 and p16 protein expression was undetectable in our hands (data not shown).
Correlation between cell cycle regulatory protein expression and response to chemotherapy
Although the number of patients was limited, we investigated the possible correlation between expression of the various cell cycle regulatory proteins at diagnosis and achievement of complete remission (CR). Among the 41 patients studied, only 28 were in first progressive phase and received a standard regimen of induction therapy based on DNR and conventional-dose AraC. Seven of these 28 were not evaluable for CR because of early death during the induction course. Among the 21 remaining patients, a CR was obtained for 12, while nine were resistant to this treatment.
No correlation was detected between any cyclin (D2, D3 or E) or pRb expression and CR. Conversely, even in this small number of patients, a high level of p27 expression significantly correlated with CR achievement. In order to confirm this correlation, we assessed p27 expression in more samples. Altogether, 32 patients were evaluable, 15/32 who reached CR and 17 who did not, and again, high level of p27 expression in AML blasts at diagnosis significantly correlated with achievement of CR, while low levels of p27 expression were predictive of induction treatment failure (Mann-Whitney test, P = 0.01) (Figure 2 ).
Cell cycle regulatory protein expression in fresh AML cells exposed to SCF and IL3
In vitro cell culture studies were performed on 20 fresh AML samples. During 72 h of incubation with SCF and IL3, the percentage of cells in S-phase increased in only 11 out of 20
Figure 2
High p27 expression is correlated with CR obtention after induction therapy (Mann-Whitney, P = 0.01). Samples from 33 patients who underwent standard chemotherapy were evaluated: 18 who achieved CR, and 15 who did not. p27 value is expressed as the ratio of the signal obtained to that of a positive control.
samples. Six samples showed a rapid increase in S-phase percentage (mean, six-fold) within the first 24 h, whereas in five samples S-phase percentage rose more slowly, resulting in a mean three-fold increase after 72 h.
Among these 20 samples, six showed no pRb expression and exposure to GF (IL3 and SCF) did not induce pRb expression in any of them. Cyclin E was present in 14/20 fresh samples before incubation. Cyclin E expression was upregulated after GF stimulation in four of the six initially negative samples. The only two samples which consistently had no expression of cyclin E whatever the length of exposure to GF, contained a high component of more mature monocytic cells (one M4 and one M5b). Cyclin E expression was not predictive of the increase in S-phase after GF exposure.
No significant variation in p27 expression was observed. There was no upregulation of p21 expression in any case.
Cdk2 activity was assessed in eight samples by applying anti-cdk2 immunoprecipitates in a kinase assay, using histone H1 as a substrate. It was found to be low in all cases in fresh unstimulated cells. After GF exposure, cdk2 activity was enhanced in only one sample, which showed a dramatic increase in the S-phase percentage (38% of cells in S-phase after the first 24 h of incubation with GF vs 2% before incubation).
Cell cycle regulatory protein expression in AML cells exposed to cytotoxic drugs
We analyzed the expression of cell cycle proteins in 20 AML samples exposed to either Ara-C or DNR. The incidence on expression of cell cycle regulatory proteins was similar in all samples, and the case chosen for Figure 3 is illustrative of a general phenomenon.
Pattern of cell cycle protein expression in cells exposed to DNR
Cells were cultured in GF-containing medium and exposed to 5 × 10 −7 M DNR for 1 h. Cell cycle protein expression was mol/l AraC; lane f, AML cells exposed to 10 −5 mol/l AraC. In vitro exposure to the different drugs was achieved as described in Material and methods. assessed 48 h after this short exposure. DNR induced a complete dephosphorylation of pRb in all cases. p21 expression was strongly induced, as soon as 6 h after drug exposure (data not shown) and remained elevated after 48 h, as shown in Figure 3 . No change in cyclin E expression was observed. The level of p27 expression was slightly increased. No modification of cdk2 activity was detected ( Figure 3, lane d) .
Exposure to DNR resulted in reduction of S-phase cells percentage and a mean loss of viability of 68% (40 to 85%) after 48 h. In summary, after DNR exposure, the pattern of expression of cell cycle regulatory proteins was concordant with a G1 cell cycle arrest.
Pattern of cell cycle protein expression in cells exposed to 10 −6 M AraC
In all analyzed samples, a 48-h exposure to 10 −6 M AraC resulted in a distinct pattern of cell cycle protein expression, as shown in Figure 3 , lane e. This concentration of AraC induced an accumulation of the hyperphosphorylated form of pRb and an overexpression of cyclin E. The expression of p21 was not induced and the level of expression of p27 remained unchanged. After 48 h of exposure to AraC, cdk2 activity ( Figure 4 , lane e) was dramatically increased in all five samples analyzed as compared to the low activity in fresh AML cells (Figure 4 , lane a) or in cells exposed to GF alone (Figure 4, lanes b and c) . This pattern of expression of cell cycle regulatory proteins was consistent with an S-phase arrest, and the mean loss of viability was 50%. In contrast, by flow cytometry analysis, 18/20 samples showed a reduction in S-phase percentage. Accumulation of cells in S-phase, con- 
Pattern of cell cycle protein expression in cells exposed to 10 −5 M AraC
After a 48-h exposure to higher dose AraC (10 −5 M), the pattern of cell cycle protein expression was distinct from what was observed after 10 −6 M AraC (Figure 3, lane f) . Cyclin E was overexpressed with the same intensity as after exposure to 10 −6 M AraC, however, Cdk2 activity was further increased (Figure 4, lane f) . pRb appeared still primarily hyperphosphorylated, but to a lesser extent. However, p21 expression was strongly induced, as observed after DNR exposure. After exposure to 10 −5 M AraC, loss of viability was consistently around 70% and the S-phase percentage, as measured by flow cytometry, was largely reduced.
Incidence of apoptosis according to cell cycle position after conventional and high-dose AraC exposure
In order to explore whether cells had progressed or not into S-phase when apoptosis occurred, we used a double labeling technique combining T and TUNEL after exposure to 10 −6 M AraC (mean 8% as compared to 0% in the control) confirmed that these cells were able to start their apoptotic process while in S-phase. When cells were cultured in the presence of 10
AraC, the number of cells reaching S-phase was decreased (mean 34%, range 19-70%). Moreover,
3H
T labeling was very faint, suggesting that the cell cycle arrest took place even earlier, close to the G1/S boundary. While the number of 3H Tlabeled cells decreased rapidly over time, most cells exposed to 10 −5 M Ara-C were positively stained by TUNEL after 48 h, reflecting massive apoptosis, but mainly out of S-phase.
Discussion
We analyzed the protein expression of the cell cycle regulators playing a role in the early phases of the cell cycle in a series of freshly isolated AML blood cell samples. There are a few studies on the expression of these proteins in AML samples and cell lines 13, [25] [26] [27] [28] [29] [30] but, to our knowledge, this is the first study considering the expression of several positive and negative cell cycle regulators in the same samples.
We detected pRb protein expression in 73% of samples, which is concordant with several previous studies demonstrating detectable pRb levels in 45-80% of AML cases. 6, 9, 31 In our pRb-negative (pRb−) group, M4 or M5 FAB subtypes were significantly more frequent than in the pRb-positive (pRb+) group. High incidence of pRb inactivation in monocytic acute leukemia has been pointed out in earlier studies. 7, 32 Absence of pRb expression was supposed to be related to a shortened survival. However, the presence of a monocytic component is likely to have a greater impact on prognosis than the absence of pRb expression. In our limited series, we observed a similar incidence of the absence of pRb expression among patients reaching complete remission and patients with refractory disease. However, it is noteworthy that among seven patients who died during the induction therapy, five were of M5 subtype, and lacked pRb expression. Frequency of death during induction in M5 subtype with high blood cell counts may substantially contribute to the previously reported bad prognosis of pRb-negative cases.
D-cyclins are known to be differentially expressed in adult tissues. Cyclin D1 is not expressed in normal and leukemic hematopoietic cells. 33 Cyclin D2 is abundant in normal erythroid and granulocytic-monocytic precursors, and high amounts of cyclin D3 were observed in CD34 + progenitor cells. 34 In our series, expression of cyclins D strongly correlated with pRb status. At least one cyclin D was expressed in all pRb+ samples. Conversely, a majority of pRb− samples lacked expression of all three cyclins D. These data are consistent with a mandatory role of cyclins D in pRb phosphorylation and published data on cell lines showing that these cyclins are dispensable in pRb-negative cells. 35, 36 We were able to identify two highly homogenous groups of samples by combining pRb and cyclin D2 expression: the pRb+/cyclin D2+ group was mainly myeloblastic and the pRb−/cyclin D2− group was predominantly monocytic. Whether expression of cyclin D2 is linked to the characteristic differentiation block of M1 and M2 subtypes, or the lack of pRb expression is a specific feature of monocytic leukemia remains to be elucidated. Cyclin D2 or D3 expression had no obvious impact on patient overall survival or achievement of CR.
We detected a higher incidence of cyclin E expression (61%) than reported in the study of Iida et al. 13 The percentage of patients with cyclin E expression did not appear to differ between those reaching CR and others. Moreover, we did not observe the reported higher incidence of cyclin E expression in M5 AML. In addition, after GF stimulation, cyclin E was detected in 18/20 samples, indicating that absence of cyclin E expression in fresh unstimulated AML cells is not related to a genetic alteration. Increase in cyclin E expression after GF stimulation most likely reflects the recruitment of cells into the cell cycle.
We detected p27 expression in all samples. The level of p27 expression has been pointed out as a prognostic factor in non-Hodgkin lymphomas 37 and some solid tumors. [38] [39] [40] A high expression of p27 was shown to be predictive of a favorable outcome, whether or not p27 was linked to the proliferation rate. In this study, levels of p27 and cyclin E in AML blasts did not obviously correlate, but high levels of p27 expression at diagnosis significantly correlated with achievement of CR, while low levels of p27 expression were predictive of induction treatment failure. Conversely to what we observed in CLL, 5 p27 expression in AML appears related to proliferative capacity rather than failed apoptosis.
In summary, the pattern of expression of these proteins suggest that cyclins D and pRb presence reflects the lineage differentiation and cyclin E and p27 expression the proliferation status of AML cells. Only p27 seems to carry prognostic significance in fresh samples but further studies are warranted.
After exposure of AML cells to cytotoxic drugs, modifications of cell cycle regulatory proteins expression were observed, in both a drug-and dose-dependent manner. DNR acts through blocking DNA toposomerase II activity by stabilization of its complexes with DNA. That effect is thought to underly its genotoxicity and antineoplastic efficacy. 41 Toposomerase II poisons may exert their action at the G2/M checkpoint, by inhibition of cyclinB/cdk1 kinase activity and mitotic entry, 42 but stabilization of topoisomerase-DNA cleaved complexes results in p53 activation and G1-arrest. 43, 44 We observed a strong and rapid induction of p21 expression in AML cells exposed to DNR. pRb became rapidly hypophosphorylated, and completely dephosphorylated 48 h after the 1-h exposure. Dephosphorylation of pRb has been shown to be a consequence of p21 induction in response to DNA-damaging agents. 45 This expression pattern is consistent with a cell cycle arrest in G1-phase. In the study of Banker et al, 16 a G2/M arrest was mentioned, but was observed only when cells were exposed at much lower doses of DNR. At the same dose as used in this study, cells were also found arrested in G1.
AraC is known to interfere with cell cycle progression by incorporation of Ara-nucleotides into nascent DNA strands during S-phase, inhibition of chain elongation and induction of DNA single-strand breaks, 46, 47 resulting in an S-phase cell cycle arrest. In our study, exposure to 10 −6 M AraC, a concentration corresponding to the serum level obtained in patients treated with a conventional dose AraC regimen (100 mg/m 2 /day), resulted in a profile of cell cycle protein expression which was consistent with an S-phase arrest. Similar observations were previously reported in cell lines. 48 However, our flow-cytometry data were discordant with the existence of an S-phase arrest, since only two samples showed accumulation of cells in S-phase after 48 h of exposure to 10 −6 M AraC. Using combined 3H T incorporation and TUNEL technique, we revealed that cells exposed to 10 −6 M AraC, entered the apoptotic process, at least in part, while in S-phase. Those cells showed uniformly weak 3H T incorporation and strong TUNEL positivity, which differed from control cells, labeled heterogenously but strongly with 3H T and negative for TUNEL. Therefore we believe that the discrepancy between the cell cycle profile determined by protein expression and flow cytometry is likely related to the difference in the apoptosis rate following the early S-phase accumulation induced by 10
AraC. This is consistent with the hypothesis that rapidity of apoptosis may reflect the sensitivity of cells to cytotoxic drugs, 49 particularly because the samples which accumulated in S-phase after 48 h of 10 −6 M AraC belonged to patients clinically resistant to the conventional Ara-C dose.
Exposure to AraC resulted in prominent activation of cdk2 in all samples tested, even in two pRb-negative samples. Extent of cdk2 activity increase was not related to the S-phase percentage assessed by flow cytometry, and appeared even higher in the cells with lower S-phase fraction. It was especially true after exposure to 10 −5 M Ara-C, where increases in cyclin E expression and cdk2 activity were beyond the level detected after 10 −6 M AraC, but associated with a much higher apoptosis rate. This led us to hypothesize that cdk2 activity might play a direct role in AraC-induced cell death. An increased cyclin E-associated kinase activity during AraC-induced apoptosis was initially observed in myeloid cell lines. [50] [51] [52] [53] In a very recent study, cyclin E overexpression and cdk2 activation were shown to play a functional role in genotoxic agent-induced apoptosis of lymphoid cells. 54 Therefore, the important cdk2 activity observed in our experiment is likely to be more than merely a reflection of S-phase arrest, and may represent an important step required for AraCinduced cell death.
Another important observation in our experiments with Ara-C is that the two concentrations used (10 −6 M and 10 M AraC, corresponding to the concentration achieved in serum of patients treated with HDAraC (1-3 g/m 2 /day), was able to induce p21. One of most potent inducers of p21 expression are DNA double-strand breaks, as seen after exposure to various cytotoxic agents. 55, 56 Therefore, the presence of p21 induction after in vitro exposure of AML cells to 10 −5 M AraC may suggest that a DNA damage additional to single-strand breaks contributes to the cytotoxic effect.
It is difficult to explain the association of high cdk2 activity and strong p21 induction, bearing in mind that p21 is a major cdk2 inhibitor. Such a situation may exist in a heterogeneous cell population, with some cells progressing until S-phase, and exhibiting strong cdk2 activity as in the case of 10 −6 M AraC, and other cells, arrested in G1-phase, in which the presence of DNA damage had induced p21 expression, as seen after DNR exposure. On the other hand, in the presence of 10 −5 M AraC, the concomitant activation of cdk2, allowing the cells to transit from G1 to S, and p21 induction, leading to the inhibition of DNA synthesis, may bring conflicting signals and account for enhanced apoptosis.
In conclusion, the study of the protein expression of the main cell cycle regulators in freshly isolated AML cells brings insight into their proliferation and differentiation, which may complement the current classifications. Further studies are warranted on a larger series of uniformly treated patients to assess the prognostic significance of p27 expression at diagnosis, but the preliminary data showed in this study are promising. The different cell cycle regulation, revealed by our study, may explain the efficacy of HDAraC in cells showing little sensitivity to conventional AraC dose. Cell cycle protein expression analysis in AML cells exposed to cytotoxic drugs allows distinction of particular profiles of cellular response to the drugs, contributing also to a better understanding of druginduced apoptosis and to the design of more effective drug combinations for AML treatment.
